We investigated the combined effect of ocean acidification and warming on the dynamics of the phytoplankton fall 11 bloom in the Lower St. Lawrence Estuary (LSLE), Canada. Twelve 2600 L mesocosms were set to initially cover a wide range 12 of pHT (pH on the total proton scale) from 8.0 to 7.2 corresponding to a range of pCO2 from 440 to 2900 µatm, and two 13 temperatures (in situ and +5 °C). The 13-day experiment captured the development and decline of a nanophytoplankton bloom 14 dominated by the chain-forming diatom Skeletonema costatum. During the development phase of the bloom, increasing pCO2 15 influenced neither the magnitude nor the net growth rate of the nanophytoplankton bloom whereas increasing the temperature 16 by 5 °C stimulated the chlorophyll a (Chl a) growth rate and maximal particulate primary production (PP) by 76 % and 63 %, 17 respectively. During the declining phase of the bloom, warming accelerated the loss of diatom cells, paralleled by a gradual 18 decrease in the abundance of photosynthetic picoeukaryotes and a bloom of picocyanobacteria. Increasing pCO2 and warming 19 did not influence the abundance of picoeukaryotes while picocyanobacteria abundance was reduced by the increase in pCO2 20 when combined with warming in the latter phase of the experiment. Over the full duration of the experiment, the time-21 integrated net primary production was not significantly affected by the pCO2 treatments or warming. Overall, our results 22 suggest that warming, rather than acidification, is more likely to alter phytoplankton autumnal bloom development in the LSLE 23 in the decades to come. Future studies examining a broader gradient of temperatures should be conducted over a larger seasonal 24 window in order to better constrain the potential effect of warming on the development of blooms in the LSLE and its impact 25 on the fate of primary production. 26
6 picoeukaryotes and picocyanobacteria, were determined by their autofluorescence characteristics and size (Marie et al., 2005) . 160 The biomass accumulation and nanophytoplankton growth rates were calculated by the following equation: 161 µ= ln (N2/N1) /(t2-t1),
(1) 162 where N1 and N2 are the biomass or cell concentrations at given times t1 and t2, respectively. 163
Microscopic identification and enumeration for eukaryotic cells larger than 2 µm was conducted on samples taken from each 164 mesocosm on three days: day -4, the day when maximum Chl a was attained in each mesocosm, and day 13. Samples of 165
Dissolved inorganic nutrient concentrations 218
Nutrient concentrations averaged 9.1 ± 0.5 µmol L -1 for NO3 -, 13.4 ± 0.3 µmol L -1 for Si(OH)4, and 0.91 ± 0.03 µmol L -1 for 219 SRP on day 0 (Fig. 3d , e, f). Within individual mesocosms, concentrations of nitrate, silicic acid and soluble reactive phosphate 220 displayed similar temporal patterns following the development of the phytoplankton bloom. Overall, NO3
-depletion was 221 reached within 5 days in all mesocosms at 10 °C, exception made of the Drifter which became nutrient-deplete by day 3. 222
Nutrient depletion was reached slightly earlier within the 15 °C mesocosms, all of them displaying exhaustion within 3 days 223 of the experiment. Accordingly, bloom development and primary production within each mesocosm were eventually limited 224 by the supply in nutrients, irrespective of the temperature or pH treatment. Likewise, Si(OH)4 fell below the detection limit 225 between day 1 and 5 in all mesocosms except for those whose pHT was set at 7.2 and 7.6 at 10 °C (M5 and M3) and in which 226
Si(OH)4 depletion occurred on day 9. Variations in SRP concentrations followed closely those of NO3 -in all mesocosms except 227 again for those set at pH 7.2 and 7.6 in which undetectable values were reached on day 9. 228
Phytoplankton biomass 229
Chl a concentrations were below 1 µg L -1 just after the filling of the mesocosms, and averaged 5.9 ± 0.6 µg L -1 on day 0 (Fig.  230 4a). They then quickly increased to reach maximum concentrations around 27 ± 2 µg L -1 on day 3 ± 2, and decreased 231 progressively until the end of the experiment, reaching 11 ± 1 µg L -1 and 2.4 ± 0.2 µg L -1 at 10 °C and 15 °C on day 13. During 232 Phase I, results from the gls model show no significant relationships between the mean Chl a concentrations and pCO2, 233 temperature, and the interaction of the two factors ( Fig. 4b ; Table 2 ). During this phase, the accumulation rate of Chl a was 234 positively affected by temperature, increasing by ~76 %, but was not affected by the pCO2 gradient at either temperature (Fig.  235 5a; Table 3 ). The maximum Chl a concentrations reached during the bloom were not affected by the two treatments ( Fig. 5b ; 236 Table 3) . During Phase II, we observed no significant effect of pCO2, temperature, and the interaction of those factors on the 237 mean Chl a concentrations following the depletion of NO3 -( Fig. 4c ; Table 4 ). 238
Phytoplankton size-class 239
Nanophytoplankton abundance varied from 8 ± 1 × 10 6 cells L -1 on day 0 to an average maximum of 36 ± 10 × 10 6 cells L -1 at 240 the peak of the bloom (Fig. 4d) . At both temperatures, nanophytoplankton abundance increased until at least days 2 or 4 and 241 decreased or remained stable thereafter. The correlation between the nanophytoplankton abundance and Chl a (r 2 = 0.75, 242 p < 0.001, df = 166) suggests that this phytoplankton size class was responsible for most of the biomass build-up throughout 243 the experiment. As observed for the mean Chl a concentration, the mean abundance of nanophytoplankton was not 244 significantly affected by the pCO2 gradient at the two temperatures investigated during Phase I, but showed higher values at 245 15 °C (26 ± 2 × 10 6 cells L -1 ) than at 10 °C (14 ± 1 × 10 6 cells L -1 ) ( Fig. 4e ; Table 2 ). Likewise, the growth rate of 246 nanophytoplankton during Phase I was not influenced by the pCO2 gradient at the two temperatures but was significantlynanophytoplankton abundance and the pCO2 gradient, the temperature, and the pCO2 × temperature interaction ( Fig. 4f ; Table  249 4). 250
Initial abundance of photosynthetic picoeukaryotes was 10 ± 2 × 10 6 cells L -1 , accounting for more than 80 % of total plankton 251 cells in the 0.2-20 µm size fraction. The abundance of this plankton size fraction decreased slightly through Phase I and their 252 number remained relatively stable at 4 ± 3 × 10 6 cells L -1 throughout Phase II (Fig. 4g) . We found no relationship between the 253 abundance of picoeukaryotes and the pCO2 gradient at the two temperatures investigated during both Phases I and II, and no 254 temperature effect was observed either (Fig. 4h, i ; Tables 2 and 4) . 255
Picocyanobacteria exhibited a different pattern than the nanophytoplankton and picoeukaryotes (Fig. 4j) . Their abundance was 256 initially low (1.7 ± 0.3 × 10 6 cells L -1 on day 0), remained relatively stable during Phase I, and increased rapidly during Phase 257 II, accounting for ~50 % of the total picophytoplankton cell counts toward the end of the experiment. During Phase I, the mean 258 picocyanobacteria abundance was not influenced by the pCO2 gradient or temperature ( Fig. 4k ; Table 2 ). During Phase II, the 259 mean picocyanobacteria abundance was not significantly affected by pCO2 at in situ temperature. However, mean 260 picocyanobacteria were higher at 15 °C, with the pCO2 gradient responsible for a ~33% reduction of picocyanobacteria 261 abundance from the Drifter to the more acidified treatment (4.4 ± 0.2 × 10 6 cells L -1 vs. 3.0 ± 0.3 × 10 6 cells L -1 ) (Fig 4l ; Table  262 4). 263
Phytoplankton taxonomy 264
The taxonomic composition of the planktonic assemblage larger than 2 µm was identical in all treatments at the beginning of 265 the experiment, and was mainly composed of the cosmopolitan chain-forming centric diatom Skeletonema costatum (S.
Chl a (Fig. 7g, h, i) . Initial Chl a-normalized PP values were 3.3 ± 0.5 µmol C (µg Chl a) Chl a-normalized PP was not significantly affected by the pCO2 gradient, the temperature, or the interaction of these factors 286 ( Fig. 7i; Table 4) . 287
PD was low at the beginning of the experiment, averaging 1.5 ± 0.4 µmol C L -1 d -1 , increased progressively during Phase I to 288
reach maximum values of 6-48 µmol C L -1 d -1 between days 4 and 8, and decreased thereafter (Fig. 7d) . Time-integrated PD 289 was not significantly affected by the pCO2 gradient, the temperature, and the pCO2 × temperature interaction during the two 290 phases ( Fig. 7e (Fig. 7j) . During Phase I, the mean Chl a-normalized PD was affected neither by the pCO2 gradient, the temperature, 294 nor by the interaction between those factors ( Fig. 7k ; Table 2 ). During Phase II, the log of the mean Chl a-normalized PD was 295 not affected by pCO2 at either temperature tested, but significantly increased with warming ( Fig. 7l ; Table 4 ). 296 Figure 6 shows the influence of the treatments on maximum PP and PD as well as on the time-integrated PP and PD over the full 297 length of the experiment. We found no effect of the pCO2 gradient on the maximum PP values at the two temperatures tested, 298 but warming increased the maximum PP values from 66 ± 13 µmol C L -1 d -1 to 126 ± 8 µmol C L -1 d -1 ( Fig. 8a ; Table 5 ). The 299 time-integrated PP over the full duration of the experiment was not affected by the pCO2 gradient or the increase in temperature 300 ( Fig. 8b ; Table 5 ). The maximum PD values were significantly affected by the treatments (Fig 8c; Table 5 ). Maximum PD 301 decreased with increasing pCO2 at in situ temperature but warming cancelled this effect (antagonistic effect). Nevertheless, 302 the time-integrated PD over the whole experiment did not vary significantly between treatments, although a decreasing 303 tendency with increasing pCO2 at 10 °C and an increasing tendency with warming can be seen in Fig. 8d (Table 5) . 304
Discussion 305

General characteristics of the bloom 306
The onset of the experiment was marked by an increase of pCO2 on the day following the filling of the mesocosms. This 307 phenomenon often takes place at the beginning of such experiments when pumping tends to break phytoplankton cells and 308 larger debris into smaller ones. We attribute the rapid fluctuations in pCO2 to the release of organic matter following the filling 309 of the mesocosms with a stimulating effect on heterotrophic respiration, and hence CO2 production. Then, a phytoplanktonet al., 2004; Annane et al., 2015). The length of the experiment (13 days) allowed us to capture both the development and 313 declining phases of the bloom. The exponential growth phases lasted 1-4 days depending on the treatments, but maximal Chl a 314 concentrations were reached only after 7 days in two of the twelve mesocosms ( Fig. 4a ; Table 1 ). The suite of measurements 315 and statistical tests conducted did not provide any clues as to the underlying causes for the lower rates of biomass accumulation 316 measured in these two mesocosms. Since statistical analyses conducted with or without these two apparent outliers gave similar 317 results, they were not excluded from the analyses. 318
In situ nutrient conditions prior to the water collection were favourable for a bloom development. Based on previous studies, 319 in situ phytoplankton growth was probably limited by light due to water turbidity and vertical mixing at the time of water 320 collection (Levasseur et al. 1984) . Grazing may also have played a role in keeping the in situ biomass of flagellates low prior 321 to our sampling. However, a natural diatom fall bloom was observed in the days following the water collection in the adjacent 322 region (Ferreyra, pers. comm.). The increased stability within the mesocosms, combined with the reduction of the grazing12 most of the carbon fixation during the bloom development phase, the absence of effect on PP and Chl a-normalized Pp following 346 increases in pCO2 brings additional support to our conclusion. S. costatum operates a highly efficient CCM, minimizing the 347 potential benefits of thriving in high CO2 waters (Trimborn et al., 2009 ). This may explain why the strain present in the LSLE 348 did not benefit from the higher pCO2 conditions. Likewise, a mesocosm experiment conducted in the coastal North Sea showed 349 no significant effect of increasing pCO2 on carbon fixation during the development of the spring diatom bloom (Eberlein et  350 al., 2017). 351
In addition to the aforementioned insensitivity to increasing pCO2, our results point towards a strong resistance of S. costatum 352 to severe pH decline. During our study, surprisingly constant rates of Chl a accumulation and nanophytoplankton growth (Fig.  353 5a, c), as well as maximum PP (Fig. 8a) , were measured during the development phase of the bloom over a range of pHT 354 extending from 8.6 to 7.2 (Fig. 3a) . In a recent effort to estimate the causes and amplitudes of short-term variations in pHT in 355
Galbraith, 2016). In the LSLE, warming of surface waters will likely result from a complex interplay between heat transfer at 375 the air-water interface and variations in vertical mixing and upwelling of the cold intermediate layer at the head of the Estuaryover a wider range of temperatures in order to better constrain the potential effect of warming on the development of the 378 blooms in the LSLE. 379
Picoeukaryotes showed a more or less gradual decrease in abundance during Phase I, and our results show that this decline 380 was not influenced by the increases in pCO2 ( Fig. 4g, h ; Table 2 ). Picoeukaryotes are expected to benefit from high pCO2 381 conditions even more so than diatoms as CO2 can passively diffuse through their relatively thin boundary layer precluding the 382 necessity of a costly uptake mechanism such as a CCM (Schulz et temperatures tested (Ferreyra and Lemli, unpubl. data). Thus, it is possible that a positive effect of increasing pCO2 and 390 warming on picoeukaryote abundances might have been masked by higher picoeukaryote losses due to increased 391 microzooplankton grazing. 392
Phase II (declining phase of the bloom) 393
The gradual decrease in nanophytoplankton abundances coincided with an increase in the abundance of picocyanobacteria 394 (Fig. 4j) . At in situ temperature, the picocyanobacteria abundance during Phase II was unaffected by the increase in pCO2 over 395 the full range investigated ( Fig. 4l ; Table 4 nanoflagellates abundance (e.g. choanoflagellates; Fig. 6b ) measured under high pCO2 and warmer conditions, could explain 406 the ostensible negative effect of increasing pCO2 on picocyanobacteria abundance in our experiment. Despite the absence of 407 grazing measurements during our study, our results support the hypothesis that the potential for increased picocyanobacteria 
Effect of the treatments on primary production over the full experiment 425
As mentioned above, increasing pCO2 had no effect on time-integrated PP during the two phases of the bloom, and warming 426 only affected the maximum PP. As a result, primary production rates integrated over the whole duration of the experiment were 427 not significantly different between the two temperatures tested. Although not statistically significant, the time-integrated PD 428 over the full experiment displays a slight decrease with increasing pCO2 at 10 °C and overall higher values in the warmer 429 treatment ( Fig. 8d ; Table 5 
Implications and limitations 443
During our study, we chose to keep the pH constant during the whole experiment instead of allowing it to vary with changes 444 in photosynthesis and respiration during the bloom phases. This approach differs from previous mesocosm experiments where 445 generally no subsequent CO2 manipulations are conducted after the initial targets are attained (Schulz et al. 2017 
and therein). 446
Keeping the pH and pCO2 conditions stable during our study allowed us to precisely quantify the effect of the changing 447 pH/pCO2 on the processes taking place during the different phases of the bloom. Such control was not exercised in two of our 448 mesocosms (i.e. the Drifters). In these two mesocosms, the pHT increased from 7.9 to 8.3 at 10 °C, and from7.9 to 8.7 at 15 °C. 449
Since the buffer capacity of acidified waters diminishes with increasing CO2, the drift in pCO2 and pH due to biological activity 450 Data availability. The data have been submitted to be freely accessible via https://issues.pangaea.de/browse/PDI-16607, or 475 can be obtained by contacting the author (robin.benard.1@ulaval.
ca). 476
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For symbol attribution to treatments, see legend. Table 1 . Day of maximum Chl a concentration, the associated average pHT (total hydrogen ion scale), and average pCO2 over each 804 individually defined phase. Phase I is defined from day 0 until day of maximum Chl a for each mesocosm, while Phase II is defined 805 from the day after maximum Chl a until day 13. Average temperature over day 0 to day 13 is also presented for each mesocosm. analysis with pCO2 as a continuous factor were performed when temperature had a significant effect. Maximum particulate and 827 dissolved primary production, and time-integration over the full duration of the experiment (day 0 to day 13). Natural logarithm 828 transformation is indicated in parentheses when necessary, significant results are in bold. *p < 0.05, **p < 0.01. 
